INTRODUCTION
the portion of the brain that plays a major role in executive function is the dorsolateral prefrontal cortex (DLPFC : Brodmann's area 46/9) (5-7). The anterior cingulate cortex (ACC) not only participates in executive function but also in emotion and ToM (7) (8) (9) (10) .
Recently, proton magnetic resonance spectroscopy ( 1 H-MRS) has been used to examine brain metabolism in patients. The main metabolites that can be assessed using this technique are N-acetylaspartate (NAA), creatine/phosphocreatine (Cr), and choline-containing compounds (Cho). The NAA signal, the most prominent 1 H spectral peak, is present at high concentrations in neurons, and might be related to mitochondrial function. Therefore, NAA often is used to assess neuronal density (11) (12) (13) . The Cho signal, which might indicate glial cell density (13) (14) (15) , increases in intensity with increased membrane synthesis and turnover (16, 17) . The Cr signal might reflect glial or overall (neurons plus glia) cell density (13, 14) ; phosphocreatine represents a key component of high-energy phosphate metabolism (18) . 1 H-MRS studies often use Cr as an internal intensity reference for other peaks, on the assumption that its concentration is relatively constant. We previously investigated brain function in autistic patients using 1 H-MRS, and reported that the concentrations of NAA were decreased in the amygdala, Wernicke's area, and the cerebellum (19, 20) . We consider 1 H-MRS to be a valuable tool for detection of neuronal impairment in autistic brain.
In the present study, we used 1 H-MRS to investigate metabolism in the DLPFC and ACC of subjects with autism and healthy control subjects, comparing amounts and patterns of chemical metabolites. We also related the metabolic findings to intellectual and social abilities in subjects with autism.
PATIENTS AND METHODS

2-1 Patients
2-1-1 Anterior cingulate cortex (ACC)
The study group included 31 autistic patients (2 to 13 years old ; mean age 6.1 ; 25 boys and 6 girls). These individuals were recruited from among outpatients at the Department of Pediatrics of Tokushima University. All subjects in this group were diagnosed with autistic disorder by two experienced pediatric neurologists according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders IV(DSM-IV). The intelligence quotient (IQ) determined by the Tanaka-Binet intelligence scale was over 85 in 4 patients ; 71 to 84 in no patients ; 50 to 70 in 7 patients ; 35 to 49 in 10 patients ; and 20 to 34 in 10 patients. Social ability of the autistic patients was evaluated with a social maturity scale (Nihon Bunka Kagakusha) ; (S-M scale). The social quotient (SQ) by the S-M scale was over 85 in 3 patients ; 71 to 84 in 2 patients ; 50 to 70 in 7 patients ; 35 to 49 in 15 patients ; and 20 to 34 in 4 patients.
The control subjects were 28 children underwent an MRI examination because of headache or head trauma. They showed no developmental or behavioral abnormality. Ages and genders (2 to 15 years old ; mean, 6.8 ; 21 boys and 5 girls) were matched with those of autistic patients.
Informed consent was obtained from the parents of all subjects. Informed consent was also obtained from the subjects who could understand the content and purpose of this syudy.
2-1-2 Bilateral dorsolateral prefrontal cortex (DLPFC)
This group consisted of 20 individuals (2 to 13 years old ; mean, 7.5 ; 17 boys and 3 girls). These individuals were a subgroup of the subjects in the ACC examination. 
2-2 1 H-MRS measurement
H-MRS studies were performed with a 1.5-tesla clinical MRI system (Signa Horizon, GE, Milwaukee, WI) with a standard head coil, using a pointresolved spectroscopic (PRESS) sequence, with TR of 1300 and TE of 135 ms, and 256 free-induction decays (FID). Gradient map shimming was conducted in the location of measurement by a highorder shim program ; the full width of the half maximum of the water peak was less than 8 Hz. We acquired T1 and T2 MRI images in axial and coronal views before the 1 H-MRS examination, and placed a single 3.4 ml (1.5! 1.5! 1.5 cm) volume of interest (VOI) in each DLPFC (Brodmann's area 46/9. Fig.  1 ). In the present study, the VOI was placed mainly in Brodmann's area 46, which is considered to play a leading role in central executive (21) . Spectra were processed using SA/GE software. FIDs were zerofilled to 4096 data-points, and Fourier transformation was performed. After DC offset correction, we calculated peak areas, i.e. signal intensities of NAA, Cr, and Cho, with curvefitting using a Gaussian function. Criteria for selecting reliable metabolite signals were based on the S.D. of the fit for each metabolite ; only results with S.D. below 20% were included in the analysis. Signal-intensity ratios for NAA/Cr, NAA/Cho, and Cho/Cr were compared with those of control subjects. Furthermore, LCModel ver. 5.6, a fully automated program for analyzing metabolic products was used to estimate NAA, Cr, and Cho concentrations. We placed a single 4.5 ml (2.0! 1.5! 1.5 cm) VOI in the ACC, where we measured the above metabolites using the same method ( Fig.  1 ). This study was approved by the Institutional Review Board of our institution.
2-3 Statistical analysis
We compared autistic patients with control individuals with respect to the signal ratios for NAA/ Cr, NAA/Cho, and Cho/Cr. Furthermore, we also compared concentrations of NAA, Cho, and Cr. We used Student's t test to determine statistically significant differences between autistic patients and the control group, and used a paired Student's t test to compare left vs, right side among several groups. A value of p below 0.05 was considered statistically significant. Furthermore, we examined the correlation between the signal ratio of NAA/Cr and IQ and SQ in autistic patients using Pearson's correlation coefficient. 
RESULTS
The baseline MRI was evaluated individually by two experienced pediatric neurologists and one neuroradiologist. No abnormal signal or distinct atrophy was detected in frontal lobes of autistic patients or control individuals at the time when 1 H-MRS studies were performed.
The NAA/Cr ratio for the ACC and the left DLPFC in autistic patients was significantly decreased compared with the control group (p!0.05). There was no significant difference in this value in the right DLPFC (Fig. 2, Table 1 ). The NAA/Cho ratio in the ACC was significantly decreased compared with the control group (p!0.01). There was no significant difference in this value in left or right DLPFC (Table 1).
We investigated the relationship between IQ and NAA/Cr in autistic patients. They were poorly correlated, as indicated by low correlation coefficients Fig. 3D ). NAA/Cr for the left DLPFC in the subgroup whose SQ was below 50 was significantly low compared to the control group (p!0.01) and the subgroup whose SQ was above 50(p!0.05, Fig. 5A ). NAA/Cr for the ACC in the autism group also correlated with SQ. The correlation coefficient was 0.49 (p=0.003 ; Fig.  3F ). NAA/Cr for the ACC in the subgroup, whose SQ was below 50 was decreased significantly compared to the control group (p!0.01 Fig. 5C ). NAA/ Cr and SQ were poorly correlated in the right DLPFC Fig. 3E and 5B).
There was no significant difference in concentrations of NAA, Cho, and Cr in any region between the autism and control groups (Table 1) . When we evaluated laterality of metabolite concentrations in the DLPFC, there was no significant difference in either the control or autism group.
There was no significant difference in Cho/Cr ratio for any region between autism and control groups ( Table 1) .
The distributions of NAA/Cr ratio for the ACC according to age in auristic patients and control subjects are shown in Fig. 6 . The correlation coefficients for NAA/Cr ratio and age were not statistically signifficant in the ACC of autistic patients and control DLPFC and the ACC in normal control subjects and in autistic patients divided into groups with social quotients (SQ) above and below 50. NAA/Cr for the left DLPFC in the autistic group with SQ below 50 is significantly lower than in control subjects (p!0.01) or autistic subjects with SQ above 50 (p!0.05). NAA/Cr ratio of the ACC in the group whose SQ is below 50 is decreased significantly compared to control subjects (p!0.01).
A A B B Fig. 6 The distributions of NAA/Cr ration for the ACC according to age in autistic patients (A) and control subjects (B). No correlation is evident between NAA/Cr and age in autistic patients and control subjects.
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subjects. No correlation was also observed in left and right DLPFC of autistic patients and control subjects.
DISCUSSION
It is recognized that executive function deficits are frequently seen in individuals who have sustained damage to the frontal lobes. They include repetitive, aimless movements or speech, difficulty inhibiting familiar or obvious responses, inappropriate repetition of previous thoughts or actions, and diminished capacity for planning. Stuss described several additional information-processing deficits resulting from frontal lobe pathology, including a tendency to focus on one aspect of information, difficulty relating or integrating isolated details, problems managing simultaneous or multiple sources of information, and impaired ability to act on or apply knowledge in a meaningful manner (22, 23) . Recently, it was recognized that the portion of the brain that plays a major role in executive function is the DLPFC (5, 6) .
Some features of autism are reminiscent of the executive function deficits that follow frontal injury. The behavior of autistic people often appears rigid and inflexible ; many children with autism become distressed over trivial changes in the environment and insist on following routines in precise detail. They are often very perseverative, focusing on one narrow interest or repetitively engaging in one stereotyped behavior. They may be impulsive, having trouble delaying or inhibiting responses. Some individuals with autism possess a large store of information, but seem to have trouble applying or using this knowledge meaningfully. Finally, autistic people often seem narrowly focused on details and have difficulty in "seeing the big picture". Thus, there appear to be similarities between autism and executive function deficits at both descriptive and behavioral levels (24) .
In recent years, neuroradiologic studies have revealed disorders in autistic patients' frontal function. Hashimoto (25) and Ohnishi, et al. (26) used singlephoton emission computed tomography (SPECT) to examine cerebral blood flow of autistic patients, reporting that blood flow was decreased in the frontal region (27) . Chugani, et al. used positron emission tomography (PET) to examine serotonin metabolism, finding a decline in synthesis of serotonin in the left frontal lobe and left thalamus in autistic patients.
This study used 1 H-MRS to demonstrate that NAA/Cr for the left DRPFC of autistic patients correlated well with SQ ; autistic persons whose SQ scores were below 50 had a significant decrease in NAA/Cr in the DLPFC. However, those whose SQ scores were above 50 had no such decrease in the left DLPFC. NAA is present in neurons, and reduced NAA reflects decreases in the number of neurons, lowered neuron activity, and/or disorders of neuronal development. These findings suggest that disorders of neurons of the left DLPFC participate in disturbances in social orienting in autism. Highly developed executive function is considered to be necessary in order to adapt to variable environments, and to maintain normal social interactions. Ozonoff, et al. (24, 28) also hypothesized that alterations in executive function could explain the social impairments of autism. Furthermore, we found that left DLPFC NAA/Cr was decreased significantly in patients whose IQ was below 50. It is possible that dysfunction of neurons in the left DLPFC participates in disordered communication through language, which contributes to lower IQ scores in patients with autism.
The ACC shapes a part of the executive function neuronal network together with the DLPFC, and participates in the cognitive control of attention (7, 8) . The ACC also has close anatomic connections to the amygdala, and orbitofrontal cortex, and participates in emotional expression. Monkeys in whom the ACC is destroyed have poor vocal and facial expression, showing decreased tendency to approach other monkeys and decreased vocalization to monkeys approaching them (29) . These monkeys also engage in playing with plastic toys for prolonged periods of time while neglecting other monkeys. Humans with injury to the ACC have been noted to have emotional changes such as decreased feeling, hypalgesia, and emotional instability (30) . Gallagher, et al. (9) used functional magnetic resonance imaging (fMRI) to examine brain metabolic activity in response to both verbal ToM stories and non-verbal ToM tasks that involved the processing of visually presented cartoons. They observed brain activation associated with both tasks, specifically in the paracingulate area of the dorsomedial frontal cortex. Brunet, et al. (10) used PET to examine processing of comic strips depicting stories either involving the attribution of intention to characters or understanding physical causal sequences involving the characters. Comparison of these conditions suggests that the former is associated with regional cerebral blood flow increases in the right dorsomedial frontal cortex and in the left and right ACC. These findings suggest that the ACC is likely to be responsible for an important part of social recognitive function and emotional expression.
Autistic patients have impairments of ToM, and frequently have emotional and sensory disturbances. Haznedar, et al. (31) reported decreased glucose metabolism in the ACC of autistic patients using 18 F fluoro-deoxyglucose PET during verbal learning by the California method. Furthermore, MRI studies have shown decreased volume of the ACC in autistic patients. Histologic abnormalities in the ACC, including decreased neuron size, have been seen in the brains of autistic patients (32) . Our examination of NAA/Cr in the ACC of autistic patients showed a significant decrease compared to the control group. This was particularly true for patients whose SQ scores were decreased. These findings are consistent with histologic findings reported in autistic patients, and present understanding of the functions of the ACC.
In the present study, NAA/Cr ratio was significantly decreased for many regions in autistic patients, but we could not detect any significant differences between concentrations of NAA, Cho, and Cr in any region between the autistic groups. This discrepancy might have resulted from small sample size in this study. The NAA concentration in each region in autistic patients was slightly but not significantly decreased from that in the control group. On the other hand, concentrations of Cho and Cr in each region were slightly increased in autistic patients compared with the control group. Consequently, the NAA/Cr and NAA/Cho ratios were significantly decreased for many regions in autistic patients. The increased concentrations of Cr and Cho might reflect glial activation and increased membrane turnover in autistic brain (33, 34) .
Some reports have described biochemical differences in the brain related to age and/or gender. Kadota, et al. (35) determined that white matter NAA/Cho ratios showed rapid growth during the first decade and reached a maximum value in the second or early third decade, followed by a steady decline starting in the latter half of the third decade. Furthermore, they found that the growth spurt and age-related decline of the white matter NAA/Cho were steeper in male than in female subjects. In this study, we used age-and gender-matched control subjects. Furthermore, no correlation was evident between NAA/Cr and age in any region of autistic patients and control subjects. Therefore, our findings should not be greatly influenced by age or gender.
Evidence of neuronal dysfunction was found in the DLPFC and ACC of autistic brains in this study. There is some possibility that dysfunction of the DLPFC and ACC is responsible for the pathogenesis of autism. However, as described in previous reports (19-21, 36, 37) , many other regions, including the temporal lobe, amygdala, hippocampus, brainstem, and cerebellum, have been suggested to be involved in autism. We previously found decreased concentrations of NAA in the amygdaloid-hippocampal region, Wernicke's area, and the cerebellum. The amygdala has a close anatomic connection to the ACC, and is considered part of the social brain. Previous functional MRI studies in autism reported reduced activation in the amygdala when making emotional judgments concerning eyes, processing facial emotion, and performing a face perception task (1, 38, 39) . These findings suggest that the amygdala is important in autistic symptoms such as emotional and social impairment. Neuronal impairment or dysfunction in Wernick's area may correlate with the language disorder in autistic patients. The cerebellum has close anatomic connections with the frontal lobe, involving not only motor functions but also cognitive functions. Many patients with autism show clumsiness. Moreover, a postmortem study detected a significant decrease in number of Purkinje cells in the cerebellar cortex of autistic brains (2) . Future studies will help to clarify the relationship between above mentioned many regions of the autistic brain.
